To determine the diagnostic accuracy of ocular vestibular evoked myogenic potentials (oVEMPs) for superior canal dehiscence syndrome (SCDS) in a large cohort of unselected dizzy patients. Most SCDS patients are dizzy (90%); however, only 30% demonstrate archetypical SCDS clinical proxies (Tullio or Hennebert findings). Several case-control studies have addressed specific SCDS markers using VEMP testing, but the diagnostic value of VEMP for SCDS has not been demonstrated in a target population of dizzy patients. The aim of this study was to confirm the diagnostic properties of oVEMP for SCDS in an unselected cohort of dizzy patients.
INTRODUCTION
The vestibular evoked myogenic potential (VEMP) has assumed a major role in the diagnosis of superior canal dehiscence syndrome (SCDS). Several studies have addressed specific SCDS markers in VEMP testing: the decreased threshold at both cervical VEMP (cVEMP) (Brantberg et al. 1999 ) and ocular VEMP (oVEMP) (Rosengren et al. 2008) , the enhanced suprathreshold response for oVEMP (Rosengren et al. 2008; Manzari et al. 2012; Verrecchia et al. 2016) , the response delay for oVEMP to forehead tapping or vibration stimuli (Taylor et al. 2014) , and the shift/broadening of VEMP frequency tuning (Taylor et al. 2012) . The diagnostic accuracy of these VEMP markers has been largely proven in case-control studies (Brantberg & Verrecchia 2012; Janky et al. 2013; Zuniga et al. 2013) .
Besides the clinical traits of a cochlear hypersensitivity to internal sounds (e.g., pulsatile tinnitus and autophony) and a vestibular hypersensitivity to sounds, vibrations, and pressure changes (Tullio phenomenon and Hennebert sign), patients with SCDS may express a more vague symptomatology of dizziness, nonpulsatile tinnitus, and hyperacusis (Brantberg et al. 2001) . Most SCDS patients manifest vestibular complaints (90%) (Minor 2005) ; however, not all show the typical clinical traits of vestibular hypersensitivity to sound or pressure change as originally reported by Minor (2005) (Teixido et al. 2008; Brantberg & Verrecchia 2012) . Accordingly, a conceivable clinical SCDS phenotype would be a patient affected by dizziness and possibly, but not necessarily, expressing completely the clinical key features of vestibular hypersensitivity. Further, whereas the abovementioned oVEMP markers have shown good differentiation capability for SCDS patients when contrasted to healthy subjects in case-control studies, the same has not been proven in a target population of dizzy patients, among whom SCDS is likely.
This study aimed to assess the diagnostic accuracy of oVEMP for SCDS in a cohort of unselected dizzy patients. We studied oVEMP using three stimulation modalities that are commonly reported in clinical studies and are also used in our laboratory: oVEMP evoked by air-conducted (AC) sound (Rosengren et al. 2005) , oVEMP evoked by bone-conducted (BC) vibration at the vertex (BC Cz) (Holmeslet et al. 2015) , and oVEMP evoked by BC vibration at the midline forehead (BC Fz) (Iwasaki et al. 2007 ).
MATERIALS AND METHODS

Study Design
This work was designed as a diagnostic accuracy study using oVEMP for SCDS in a large cohort of dizzy patients and followed the Standards for Reporting Diagnostic Accuracy (Bossuyt et al. 2015) . We evaluated an unselected consecutive cohort of patients complaining of dizziness, with a target condition of SCDS and an alternative condition represented by a heterogeneous group of dizzy patients without a diagnosis of SCDS. The SCDS diagnostic criteria used in our department are listed in Table 1 and represented the reference standard. The sample was collected prospectively among patients referred for vestibular testing at the balance laboratory of our department. The sample size was calculated with a power analysis based on a previous work by our group on the diagnostic properties of BC Cz oVEMP for SCDS . That study showed a significant difference in BC Cz oVEMP amplitude between SCDS patients and healthy controls (SCDS: 54.8 ± 26.6 µV [mean ± SD]; healthy subjects: 16.23 ± 9.0 µV; between-group difference: 38.9 µV). Based on these parameters and on α: 0.01, power: 0.95, and an enrollment ratio of 1/15, the proper sample size for this study required at least 9 SCDS cases and 135 controls.
Participants
The study was approved by the local ethics committee, and all patients were recruited after giving consent. Subjects with middle ear disorders that altered the acoustic admittance for AC stimulation were excluded. Thus, 150 subjects were collected. Five were excluded due to middle ear disorders, 10 had SCDS (all of whom were affected unilaterally), and 135 were "non-SCDS" dizzy patients. The two groups did not differ statistically in age (SCDS: 40.3 ± 12.1 years, min/max 29/62; non-SCDS: 50.4 ± 16.6, min/ max 16/86, Mann-Whitney U test, p = 0.40) and sex (F/M ratio 7/3 in SCDS and 77/58 in non-SCDS, χ 2 test, p = 0.42). Further diagnostic subgrouping was attempted for the non-SCDS group. Accepted diagnostic criteria for benign paroxysmal positional vertigo (von Brevern et al. 2015) , Meniere disease (LopezEscamez et al. 2015) , vestibular migraine (Lempert et al. 2012) , functional dizziness (Dieterich & Staab 2017) , mal de debarquement (Van Ombergen et al. 2016) , acute unilateral vestibulopathy (Strupp & Magnusson 2015) , bilateral vestibulopathy (Kim et al. 2011) , and vestibular paroxysmia (Strupp et al. 2016) were applied. Generally, by following these criteria, a definite or probable diagnostic level can be given. However, for the purpose of the study, these two diagnostic levels were considered together.
Patients with signs or findings suggesting asymmetric vestibular function, but not diagnosable according to the abovementioned criteria, were classified as having "peripheral vestibular asymmetry." Based on normative data for our laboratory, subjects with a significant unilateral caloric weakness (asymmetry ratio [AR] ≥ 20% on bithermal water caloric testing) received a definite diagnosis, whereas a significant side difference on a video head impulse test (lateral semicircular canal gain on the affected side < 0.8 and gain AR > 20%) or on VEMP testing (AR > 33%) received a probable diagnosis.
When the dizziness could not be sufficiently correlated to any of the previous entities but could be reasonably associated with an ongoing central neurological (postconcussion, tumor, circulatory, inflammatory, or degenerative forms) or oculomotor disorder (central or nerve/muscle palsy), the patient was classified as having "dizziness related to other central or oculomotor disorders."
Finally, when the dizziness could not be ascribed to any of the abovementioned diagnostic forms, the subject was assigned (Brantberg & Verrecchia 2012) 4. 256 Hz tuning fork at the ankle distinctly heard in one ear (Brantberg et al. 2016) 5. Temporal bone computerized tomography (CT) scans, reformatted on the plane of the superior semicircular canal (Ceylan et al. 2010) , indicating dehiscence of the superior semicircular bony canal In the presence of suggestive anamnesis (a and b), the clinical diagnosis of SCDS is confirmed when two or more of key findings, including at least the number 5, are fulfilled. In the presence of the key findings one and two, the SCDS diagnosis can be considered certain, otherwise probable.
This cutoff has shown a sensitivity of 92% and specificity of 97% for SCDS when compared with healthy subjects (Brantberg & Verrecchia 2012 Table 2 shows the sample arrangement for SCDS/non-SCDS cases and the further allocation of non-SCDS cases into diagnostic subgroups.
Test Methods
oVEMP recording consisted of surface electromyography with paired skin electrodes mounted under both eyes; the active electrode was placed just under the eyelid at the midpoint, and the reference electrode was placed 2 cm below in a vertical alignment. The ground reference was placed on the sternum. Under condition of upward gaze, three electromyography recording sessions of 64 sweeps at ≈5-Hz repetition rate were collected and processed with amplification, analog filtration (passband filtered 20-2000 Hz), and averaging. The oVEMP recordings were evoked using three stimulation modalities:
• AC: 500-Hz tone burst delivered unilaterally by head phones (TDH-39P) at an amplitude 125 dB SPL, with configuration raise/plateau/fall = 1:2:1 ms. (Holmeslet et al. 2016 ).
• BC Fz: The same stimulus used for BC Cz was also delivered at Fz with the patient reclined backward in order to align the major axis of the Minishaker vertically. As a mainly crossed vestibular response (Todd et al. 2007) , oVEMP recorded under one eye was considered representative of the vestibular function of the contralateral ear.
Missed recordings occurred in 1.3% of the sample (1 SCDS and 2 non-SCDS at AC oVEMP and 2 non-SCDS at BC Fz oVEMP). Procedural issues were the basis of these unsuccessful tests: time restriction, technical problems, and patient discomfort. These missing data were treated as missed "completely at random." Considering the high statistical power of the study, the data analysis was conducted omitting these cases. Figure 1 shows the flow diagram of participants, specifically fitted on the AC oVEMP amplitude parameter, the most representative SCDS index in this study (see later).
Analysis
Parameters of interest at oVEMP were as follows:
• n1-p1 peak to peak amplitude in µV; • n1 latency: oVEMP latency measured at the first peak in ms; • amplitude AR: the ratio of the difference in amplitude between the affected and unaffected sides to the sum of both; and • interaural latency difference (ILD): the difference in latency of the first peak (n1) between the affected and unaffected sides, in ms.
For each patient, an "affected side" was defined, intended as the dysfunctional one in the unilateral vestibular disorders. In those cases without a clear lateralization, the affected side was defined as the side with the larger BC Cz oVEMP response. The reason for choosing that side was to parallel the clinical situation, that is, having to decide whether a large oVEMP amplitude finding is suggesting an SCDS or not. Further, a score of 0 µV was assigned to those recordings with unidentifiable oVEMP response.
Statistical analysis was carried out with IBM SPSS statistics software, version 24. The parameters of interest at both sample and subgroup levels were not normally distributed. Betweengroup analysis was conducted using the Mann-Whitney U test (α = 0.05). Receiver operating curve (ROC) analysis was adopted to achieve diagnostic accuracy. Both single parameter and multiparametric ROC analyses were attempted, the latter with simultaneous and sequential approaches (Feinstein 2002) . For oVEMP parameters suggesting adequate diagnostic accuracy (AUC > 0.80), the cutoff points with the best separation in terms of sensitivity and specificity were also computed.
RESULTS
oVEMP: SCDS Versus Non-SCDS (Group Differences)
Figure 2 is a box plot panel illustrating the distribution of the four oVEMP parameters (amplitude, latency, AR, and ILD) in SCDS and non-SCDS groups for each of the three stimulation modalities. Data are shown in Table 3 . At a group level, the oVEMP amplitude showed the best ability to differentiate between the target and alternative conditions, regardless of the stimulation modality, followed by the latency, the AR, and the ILD, which were characterized by progressive group overlap.
oVEMP: Diagnostic Accuracy ROC for Single oVEMP Parameters • Assuming an SCDS test based on single oVEMP parameters, ROC analysis revealed that only four parameters achieved accuracy (AUC ≥ 0.8) suitable for clinical use. These four were oVEMP amplitude in response to all three stimulus modalities and oVEMP latency in response to BC Cz stimulation. The cutoff points yielding the best combination of sensitivity and specificity are listed in Table 4 . The highest diagnostic accuracy was obtained for oVEMP amplitude in response to AC stimulation.
ROC for Multiple oVEMP Parameters
Simultaneous Approach • The greatest accuracy (AUC = 0.987) for an SCDS test based on multiparametric simultaneous ROC analysis was achieved by combining eight oVEMP parameters: AC amplitude, AC latency, BC Cz amplitude, BC Cz AR, BC Fz amplitude, BC Fz latency, BC Fz AR, and BC Fz ILD. At specific cutoff points, these parameters resulted in 88% sensitivity and 96% specificity. Even though this combination showed the highest level of specificity, a test based on eight different oVEMP parameters in response to three different stimulus modalities is not ideal. A more reasonable approach is to restrict the simultaneous approach to each of the three stimulation modalities. Thus, the analysis of only four AC oVEMP parameters resulted in an AUC of 0.96, with 88% sensitivity and 92% specificity. For BC Cz stimulation, an analogous analysis yielded an AUC of 0.94, with 90% sensitivity and 84% specificity. Finally, the analysis of BC Fz parameters yielded an AUC of 0.90, with 80% sensitivity and 91% specificity.
Sequential Approach • A sequential multiparametric ROC analysis was justified by the perfect sensitivity of AC amplitude. However, every attempt to improve the test specificity (89%) by the sequential addition of different oVEMP parameters yielded only a modest improvement in specificity (up to 92%), in association with a drastic reduction in test sensitivity (as low as 65%).
oVEMP: SCDS Versus Subgroups of Controls
The four oVEMP clinical markers (AC amplitude, BC Cz amplitude, BC Fz amplitude, and BC Cz latency) also successfully distinguished SCDS patients from most subgroups of non-SCDS patients, as shown in Figure 3 . However, whereas the separation was good for AC amplitude, this was not the case for the three other BC oVEMP parameters, with a larger overlap between SCDS patients and the diagnostic subgroups.
DISCUSSION
This study shows the high accuracy of oVEMP testing in detection of SCDS among dizzy patients, especially so for the parameter AC amplitude in response to 500 Hz tone bursts. This is of clinical relevance, considering that most SCDS patients are dizzy but only approximately 30% demonstrate the archetypical SCDS clinical proxies (Tullio or Hennebert findings) (Teixido et al. 2008) . The importance of oVEMP test accuracy for SCDS is further emphasized by the shortcomings of radiological examinations, that is, the low specificity and low positive predictive value of computed tomography and magnetic resonance imaging (Cloutier et al. 2008 ).
Air-Conducted Ocular Vestibular Evoked Myogenic Potential
The results obtained in this cohort are in line with the conclusions of previous case-control studies. Zuniga et al (2013) and Janky et al. (2013) demonstrated the diagnostic superiority of AC oVEMP amplitude as an SCDS marker over cVEMP or other oVEMP parameters. Interestingly, the diagnostic cutoff (16.7 µV) for AC oVEMP amplitude obtained in this study is very similar to the cutoff point (15.3-17.4 µV, sensitivity: 75-71.4%, specificity: 89-93.9%) reported by a recent case-control study on a large sample of SCDS patients (Hunter et al. 2017) .
According to our data, AC oVEMP amplitude showed high SCDS diagnostic accuracy, with sensitivity 100% and specificity 89%, indicating that all SCDS cases in this unselected cohort with dizziness could have been identified by a test based on AC oVEMP amplitude. No other AC oVEMP parameter or AC oVEMP parameter combination showed better diagnostic accuracy compared with that of using AC amplitude alone. Consistent with the conclusions of a prior SCDS case-control study (Zuniga et al. 2013) , AC oVEMP amplitude seems ideal for a first-line SCDS screening of dizzy patients, considering the low cost and the noninvasive nature of the test. However, it must be integrated in a more comprehensive SCDS diagnostic workup due to the not negligible proportion of false positives (11%) that limits the clinical usefulness of AC oVEMP amplitude alone as a diagnostic test for SCDS. Thus, an SCDS must also be confirmed by the presence of a dehiscence on CT scan and supported, more or less strongly, by different clinical findings (Table 1) .
Further, all SCDS patients in this study were affected unilaterally. Even though only one of the two ears was affected, oVEMP parameters comparing the affected with the unaffected side did not increase diagnostic accuracy. This suggests that measuring side differences using AC oVEMP amplitude (AR) or AC oVEMP latency (ILD) adds little in the differentiation of & HEARING, VOL. 40, NO. 2, [287] [288] [289] [290] [291] [292] [293] [294] SCDS. This finding is clinically significant but may also have further bearing considering that several studies have shown that patients with SCDS are often symptomatic on both sides (Ward et al. 2017) .
In clinical terms, an SCDS should be suspected as a cause of dizziness in those patients whose dizziness cannot sufficiently be identifiable into other diagnostic category. In the present study, AC oVEMP amplitude at best cut points was, indeed, able to distinguish patients fulfilling our diagnostic criteria for SCDS from those with undefined dizziness, with sensitivity 100% and specificity 81%. Thus, AC oVEMP amplitude may also be useful for SCDS screening test among patients with undefined dizziness.
Bone-Conducted Ocular Vestibular Evoked Myogenic Potential
AC oVEMP tests are not reliable in patients with conductive disorders. In these cases, BC oVEMP parameters may identify SCDS; however, the diagnostic accuracy is lower. In these patients, it is advisable to use BC oVEMP parameter cutoffs favoring specificity in order to minimize false positives. With the stimulus parameters used in the present study, a compromise would require a cutoff point of 42.5 µV for Cz oVEMP amplitude (sensitivity 50%, specificity 95%), 31.7 µV for Fz oVEMP amplitude (sensitivity 70%, specificity 90%), and 13.75 ms for Fz oVEMP latency (sensitivity 50%, specificity 95%).
The generally lower diagnostic accuracy of BC oVEMP parameters may be partially explained by the results of a recent case-control study (Govender et al. 2016) . The authors showed that in contrast with AC oVEMP amplitude, the corresponding BC oVEMP parameters showed worse separation capability with increasing stimulus intensity, especially over 125 dB pFL. This feature, interpretable as suprathreshold saturation of BC oVEMP in SCDS patients, would reduce the tendency toward large BC oVEMP amplitude in SCDS, and consequently lessening divergence contra non-SCDS. Considering the submaximal stimulation adopted in this study to optimize the oVEMP response rate (Dennis et al. 2014) , the BC parameters may not be optimal for differentiation of SCDS patients from others with dizziness.
An SCDS-specific BC oVEMP latency idiosyncrasies have been suggested (Taylor et al. 2014) : comparing SCDS patients with healthy subjects, a significantly delayed response to BC Fz stimulation and an earlier response to BC Cz stimulation were demonstrated. Both latency patterns could be replicated at a statistically significant level in the present study cohort. Table 4 ).
Large oVEMP responses (over cutoff) were sporadically seen in non-SCDS. This finding was mostly limited to one BC stimulation modality only. These large oVEMP responses were also associated with normal (AC) cVEMP responses. This suggests that not only a BC/AC oVEMP but also an oVEMP/cVEMP dissociation may occur in dizzy patients. The exact nature for this dissociation is not understood. It seems reasonable to suggest that it is partly related to the nature of used stimuli. Whereas the AC stimulus direction is rather constant across patient, the BC stimulus direction may vary due to differences in bone structure and otolith orientation. In addition, AC stimulus was presented to just one ear at a time. In contrast, midline BC stimulus activates both labyrinths simultaneously and the induced oVEMP may thus also reflect interactions between the two labyrinths. A different sensitivity of the vestibular receptors for the two stimulation modalities has also been argued (Govender et al. 2016) .
Finally, an enhanced VEMP pattern has also been described in Meniere disease (Manzari et al. 2010) , especially during attacks. This pattern was not regularly observed in this cohort, although a few recordings among the Meniere patients were over cutoff (Fig. 3) .
CONCLUSIONS
oVEMP is a valid SCDS marker in dizzy patients. AC oVEMP amplitude represents the best SCDS index, especially in terms of sensitivity. This oVEMP parameter can be used alone as a valuable SCDS screening test. It is, however, a less effective confirmative one. In addition, oVEMP shows robust differentiation properties, not only between SCDS and other dizziness diagnoses, but also between SCDS and dizziness with uncertain diagnosis. This is noteworthy, considering that the latter group accounted for 15% of our unselected cohort of patients complaining of dizziness. Finally, it is advisable to test BC oVEMP in patients with increased acoustic impedance. However, this does not yield the same accuracy as AC oVEMP in detection of SCDS.
